[1] We present a summary of $1500 hours of lidar measurements of noctilucent cloud (NLC) altitudes at Kühlungsborn (54°N), ALOMAR (69°N), and Spitsbergen (78°N). Mean centroid altitudes (z c ) are 82.75 km, 83.33 km, and 83.68 km, respectively. Standard deviations s representing geophysical variability are $0.7 -1.6 km. Errors of mean heights Dz c are much smaller (60 -340 m). Several processes which are not yet fully understood influence z c . Therefore, s is a better measure of uncertainties in z c compared to Dz c . The increase of NLC heights with latitude is very small (43 ± 65 m/deg) and statistically not significant. At ALOMAR z c varies with season by up to $1 -1.5 km. NLC heights accumulate around climatological temperatures of 145 K at 69°N and 78°N (higher at 54°N). The LIMA model nicely reproduces observations and indicates that non-variation of NLC heights at polar latitudes is caused by temperature uniformity: the 145 K isotherm varies in height by less than 250 m from the pole to 60°N.
Introduction
[2] Noctilucent clouds (NLC) appear during summer at mid and polar latitudes at $83 km altitude. They are extremely sensitive to temperatures and may therefore be important indicators for long term variations. NLC have first been observed more than 100 years ago. The only undisputable quantitative measure from these historical records is the NLC altitude whereas other parameters like brightness are more disputable. Lidars are best suited to determine NLC heights (apart from in situ measurements) and achieve typical accuracies of 100 m. The data set available from lidars today covers more than 2000 hours of NLC observations at various latitudes. NLC altitudes can be used to improve global circulation models because of their sensitivity to the thermal structure in the upper mesosphere. For example, an error in model temperatures at NLC heights by only a few Kelvin leads to a mismatch of heights by $1 km.
[3] Some collections of NLC altitudes have been published recently [Fiedler et al., 2003; Thayer et al., 2003; von Zahn and Berger, 2003; Höffner et al., 2003; Chu et al., 2006] . Here we present new results from our lidars at Spitsbergen and in Kühlungsborn and an update from our lidar at ALOMAR. We study systematic variations of NLC heights with season and latitude and compare our results with ice particle simulations from LIMA (Leibniz Institute Middle Atmosphere Model).
NLC Altitudes From Lidar in the Northern Hemisphere
[4] Lidars detect NLC as an enhanced signal on top of the backscatter from molecules. This extra signal is normally given relative to the molecular signal ('backscatter ratio', R) or in absolute terms ('backscatter coefficient', b) [see Fiedler et al., 2003] . We use the height profile of b to determine the altitude of maximum backscatter ('peak altitude', z p ) and also the 'centroid altitude' (z c ), defined as the b-weighted mean height [Fiedler et al., 2003] . The difference between z p and z c is small (see later). In general backscatter coefficients depend on laser wavelengths and particle size. Since the particle size varies with altitude we expect different NLC altitudes for different laser wavelengths. We have investigated this effect for the ALOMAR RMR (Rayleigh/Mie/Raman) lidar at 355 nm, 532 nm, and 1064 nm and find a maximum decrease of NLC height with increasing wavelength of only 50-100 m. For the wavelengths used in this paper (532 nm and 770 nm) the effect is even smaller.
[5] The data bases used here are daily mean centroid altitudes from our RMR-lidars (532 nm) at Kühlungsborn (54.1°N) and ALOMAR (69.3°N), and also from our potassium lidar (770 nm) at Spitsbergen (78.2°N). First, individual centroid altitudes are determined in time slots of 2 minutes (15 minutes at ALOMAR) and then the daily mean of all z c is calculated. We have also tested an alternative, namely to average all NLC profiles from one day and then determine z c . The differences are negligible.
[ Table 1 ). The corresponding mean peak altitudes are 83.64 km, 83.52 km, and 83.58 km, respectively, i. e., only slightly lower than z c . The variation of mean centroid and peak altitudes from one season to the other is only $100 m, i. e., well within the day-to-day geophysical variability.
[7] In Figure 2 we show all single daily mean centroid NLC altitudes from ALOMAR based on 1270 hours of NLC detection. The mean of all z c values is 83.33 km (standard deviation: s = 1.04 km). To study seasonal variations we have chosen a 'central period' from doy = 180 to 210 (doy = day of year) and determined mean altitudes before, within, and after this period. We find mean altitudes and standard deviations of 83.55 km (1.0 km), 83.11 km (0.9 km), and 83.47 km (1.2 km), respectively. Our choice of the central time period is guided by the smoothed seasonal variation of NLC altitudes (see later), but is still somewhat arbitrary. The central period is shifted relative to summer solstice (doy = 172) by 23 days. Mean altitudes at the beginning and end of the season are higher compared to the central period by $440 m and 360 m, respectively. These deviations are still within natural variability s. Since we use data from one lidar only, most of the systematic uncertainties discussed below do not apply. We therefore consider errors of mean NLC heights Dz c meaningful in this case. They are typically less than 100 m which implies that seasonal variation of NLC heights is most likely significant. Mean NLC altitudes at ALOMAR also vary from year to year (not shown here). Furthermore, brighter clouds appear at lower altitudes which introduces a dependence on lidar sensitivity [see also Höffner et al., 2003] . This emphasizes the importance of considering systematic geophysical variabilities and instrumental effects before determining errors and differences.
[8] RMR lidar detections of NLC are performed in Kühlungsborn since 1997. A comparison with simultaneous temperature and wind measurements indicates the importance of non-local effects when creating NLC [Gerding et al., 2007] . In summary, a total of 29 hours of NLC data on 22 days are available. The daily mean centroid heights show little variation with season. The mean centroid height is 82.75 km and the standard deviation is 1.58 km (error of mean: 0.3 km).
Discussion
[9] In Figure 3 we show mean centroid NLC altitudes as a function of latitude. We highlight those data points which are based on several (>20) hours of lidar measurements in more than one year ( Table 2 ). The largest data set stems from our RMR lidar at ALOMAR. We also show a point at Søndrestrøm (67.0°N) based on 220 hours of NLC measurements performed from 1994 to 2000 [Thayer et al., 2003] . From that paper we determine a mean centroid altitude of 82.97 km (s = 1.07 km). We have assumed that s in that data set is representative for the geophysical variability of daily mean NLC heights. From the lidar mean z c values and s shown in Figure 3 we find a variation of NLC heights with latitude of 43 ± 65 m/deg, i. e., very small and statistically not significant. If we instead use the error of the mean heights as uncertainties we arrive at 47 ± 9 m/deg. Calculating the slope with Dz c implies that individual data points are statistically independent and randomly distributed, i. e., free from systematic variations. We argue that daily mean values are statistically independent since the duration of a typical NLC is a few hours, i. e., smaller than one day. However, NLC heights vary systematically from year-toyear, with season, with lidar sensitivity, by the presence of waves, etc. Furthermore, tides are known to influence NLC heights by as much as $800 m, but presumably have little influence if daily mean values are analyzed. It is very likely that some of the data sets mentioned above are systematically influenced by these effects. Unfortunately, it is not possible to take these variations properly into account because they are not known well enough. We therefore 
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argue that Dz c is a too optimistic estimate of the uncertainty of mean NLC heights and that the geophysical variability s is more appropriate. This implies that the observed small increase of NLC heights with latitude is statistically not significant, contrary to the results presented by Chu et al. [2006] .
[10] In Figure 3 we also show additional NLC heights taken from von Zahn and Berger [2003] . These points are less reliable since they are based on very few and/or comparatively uncertain observations. For example, the North Pole data point is based on a single day measurement of $1 hour duration only [Gardner et al., 2001] . The lidar at Logan (42°) detected NLC on two single days (24 June 1999 and 23 June 1995) for nearly one hour each [Wickwar et al., 2002; Herron et al., 2007] . Within this period the NLC peak altitudes varied in the range 82.4-81.8 km and 84.4-83.4 km, respectively, which we show in Figure 3 for comparison. The small increase of NLC heights with latitude mentioned above cannot be confirmed nor excluded from the measurements at Logan.
[11] In Figure 3 we also show measurements in the Southern Hemisphere (SH) [Chu et al., 2006] . At the South Pole we show altitudes from the summer seasons 1999/2000 and 2000/2001 separately since they differ systematically.
[12] The most obvious reason for the seasonal variation of z c and also for the uniformity with latitude is the thermal structure in the MLT region. Unfortunately, reliable temperature measurements in this part of the atmosphere are still sparse. In Figure 4 we compare smoothed NLC altitudes with a temperature climatology at 69°N based on falling spheres [Lübken, 1999] . Indeed, NLC altitudes follow closely the seasonal variation of the 145 ± 5 K isotherms. At 78°N a temperature climatology at NLC heights is available but only from one year (2001) and only for the latter part of the summer season [Lübken and Müllemann, 2003] . In the time of overlapping data the smoothed NLC centroid altitudes again accumulate around 145 K (not shown here).
[13] The lidar soundings at Kühlungsborn reveal mean temperatures of $160 K during the NLC season at 82-83 km [Gerding et al., 2007] . Mean temperatures in nights with NLC are only $4 K lower than in nights without NLC. In general, temperatures in the vicinity of NLC are lower than the climatological mean. This is consistent with the general picture that NLC at mid latitudes are governed by short term deviations from the climatological mean (e.g., caused by waves) and/or by non-local effects.
[14] To further study the role of background temperatures for NLC altitudes, we compare observations with ice particle simulations by LIMA [Berger and Lübken, 2006;  Only data sets with several (>20) hours of measurements from several years are considered (see text for more details). Figure 3 ). LIMA shows a slight increase of NLC heights with latitude of $40 m/deg (similar to observations), but only in the lower latitude range [see also Lübken and Berger, 2007, Figure 14] . A more detailed study shows that this increase is due to an expansion of the upper limit of NLC heights towards polar latitudes, whereas the lower limit is basically independent of latitude. Limitations in the available data set prevents us from making a detailed comparison with observations. LIMA results are currently available for year 2001 only. The main reason for the steadiness of NLC heights with latitude is the thermal structure [see Lübken and Berger, 2007, Figure 2] . For example, from the pole to 60°N the 145 K isotherm varies in altitude by less then 200 meters.
[15] The variation of mean NLC heights in LIMA perfectly matches observations, both in the Northern and Southern hemispheres. Observations and LIMA both show that NLC altitudes are $1 km higher in the SH compared to the NH. The only apparent mismatch is the NLC height at the South Pole in the season 1999/2000 which is substantially higher compared to LIMA and also higher compared 2000/2001. It remains to be seen whether this difference is due to natural variability, or whether some systematic deficiencies at the South Pole are present in LIMA.
[16] LIMA nicely reproduces the seasonal variation of NLC heights at 69°N which can be as much as 1.5 km from the beginning to the center of the NLC season. LIMA temperatures at NLC heights are larger by $5 K compared to observations, whereas NLC heights in LIMA are nearly correct. There are several potential candidates explaining this apparent discrepancy, for example uncertainties in the saturation water vapor pressure, deficiencies in the microphysical description (see Rapp and Thomas [2006] for more details), or some minor shortcomings in the thermal and dynamical background field.
[17] In conclusion we find from our lidar NLC that mean centroid altitudes vary with season whereas the variation with latitude is very small and statistically not significant. LIMA nicely reproduces the main features of NLC variations. This is surprising when one considers the large variety of geophysical processes contributing to the thermal structure of the MLT region and to ice particle formation. Minor discrepancies between LIMA and observations may hint to some deficiencies in background conditions and/or in microphysical processes involved. The stability of centroid heights with latitude is most likely caused by the uniformity of temperatures at NLC altitudes. Determining mean NLC altitudes from a limited data set may result in a systematic bias due to geophysical and instrumental effects. These effects must be taken into account before any conclusion from putative differences can be drawn.
